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I. INTRODUCTION
Policy-makers, homeowners, utilities, and contractors have expressed great interest in knowing what fraction of residential energy use can be saved by retrofitting homes. Yet few measurements have been made of the energy savings that are actually attributable to retrofits. Many audits of residential buildings have been performed, but typically yield only estimates of energy-saving potential. Homeowners are often skeptical of these predictions. BECA-B is a compilation and analysis of measured energy use by U.S. and Canadian houses before and after conservation retrofits.* We believe that an ongoing data base developed from metered consumption data can help homeowners and policymakers choose energyefficient and cost-effective retrofits.
The U.S. residential sector, comprising 77.5 million dwellings, consumed approximately 17 Exajoules [16 resource Quads] of energy in 1980, accounting for one-fifth of the national total. [ 1 ,2] 
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Space heating dominates residential energy demand and, hence, most conservation programs have focused on reducing consumption in this end-use.
Improving the energy efficiency of existing residences is a worthwhile objective, given escalating fuel costs and the long lifetime of the U.S. housing stock. Sixty-five to 75 percent of the houses that will be inhabited in the year 2000 have already been built, based on an annual rate of 1.5 to 2.0% for new construction. In 1980, approximately 63.2 billion dollars were spent on residential energy consumption, amounting to an average expenditure of $815 per u.s. household. [1] *This study is part of a continuing project that collects and reviews measured data on the energy performance of low-energy new homes (BECA-A), existing "retrofitted" homes (BECA-B), energy-efficient commercial buildings (BECA-C) and validation of computer programs (BECA-V).
Millions of homeowners engage in conservation activities each year. In 1979 alone, 3.4 million U.S. households added attic or roof insulation and 3.9 million households bought storm windows and/or storm doors. [!] In 1980, tax credits amounting to $430 million were claimed by U.S. individuals for energy conservation investments, which corresponds to an investment of almost $3 billion per year.
[4] Yet, we had some difficulty in finding 69 samples with measured energy savings, though many new evaluation studies are now in progress. Even where building energy use data are available, information on the share of energy savings that is attributable to various retrofit measures is seldom known.
An objective of this study is to better understand the technical performance of residential retrofit measures and evaluate their relative cost-effectiveness. Another goal is to examine the range of conservation savings and costs in order to identify technical and institutional factors associated with high or low levels of performance.
Energy engineering techniques will also be evaluated by comparing actual energy savings with predicted savings.
Finally, we want to promote the exchange of documented conservation results and the collection and analysis of high quality data. We plan to periodically update this study and invite contributions from all interested parties.
II. DATA SOURCES
The data we seek from each source include: building type and characteristics, project sponsor, sample size, retrofit description and cost, annual energy consumption by fuel type before and after retrofit, local energy price, and year of retrofit. W~ then calculate energy savings, percent reduction in consumption, cost/m , simple payback period, cost of conserved energy, and indicators of building energy performance.
Appendix A summarizes the results from data sources. We have classified the retrofit projects into four general categories based on sponsor: 1) research studies, 2) utility-sponsored programs, 3) building energy services provided by private firms, and 4) government-sponsored programs. Characteristic features of retrofit programs from respective sponsor categories are discussed below.
Research studies
Experiments sponsored by universities and national laboratories (Princeton University, the National Bureau of Standards, and Lawrence Berkeley Laboratory) account for most of our research studies although private firms, such as Johns-Manville, have also participated in research projects. [5] [6] [7] Research studies typically make extensive efforts to control for experimental variables. For example, the heating and hot water systems are often sub-metered and a control group is employed as part of the experimental design. Additionally, occupant behavior is monitored. In some cases, the houses are unoccupied (Bowman House), or the researchers operate the building (i.e., open doors and windows periodically) to simulate "standard" occupant behavior.
In other instances, occupants are instructed to record behavior that may affect the building's energy performance (i.e., thermostat setting, hours at home, appliance use). In these studies, sample size is small and the analysis of the data tends to be extensive.
Utility-sponsored programs
In the mid-1970's, a number of utilities started offering residential energy audits to their customers. In some cases, the utilities coupled these programs with an offer of low-or zero-interest financing on retrofit projects. In the early stages, these programs were typically concerned with low-cost/no-cost measures (e.g. wrapping water heater tanks) and/or installing attic insulation. In recent years, some utilities have broadened their residential conservation programs ··to provide financing for complete weatherization packages. The data we have obtained from utility companies come predominantly from three areas of the United States: 1) the Pacific Northwest, 2) the Southeastern portion of the U.S. served by the Tennessee Valley Authority (TVA), and 3) California.
Data on utility-sponsored conservation programs are generally made available on an aggregate basis; that is, measured energy savings are calculated for various retrofit measures that are grouped together as part of a large sample. Often, these studies lack control groups and detailed weather data. The strength of these programs is their ability to reflect energy savings for a rather large fraction of the general population.
Private firms
Many private-sector firms are now entering the potentially large market for retrofit services and products. The single-facily housing market appears to be dominated by individual contractors who offer residential energy audits for a fee, often act as installation contractors, and are willing to .. inspect and warrant their work. Companies entering the multi-family,retrofit market, particularly large apartment buildings, often enter into contracts in which they guarantee a specified reduction in energy usage. They take responsibility for building energy management services including operations and maintenance functions and training of maintenance personnel. Their retrofit plan typically emphasizes automatic temperature control, the replacement, repair or alteration of the HVAC system, and lighting load management. Companies such as Scallop Thermal Uanagement, a Shell Oil subsidiary, have provided us with summary reports detailing their retrofit experience in three large apartment buildings, but we have had difficulty finding additional data sources. A number of Federal Power Marketing Authorities, particularly the Tennessee Valley Authority (TVA) and the Bonneville Power Administration (BPA), have. launched ambitious residential conservation programs to reduce the demand for electric power and improve the efficiency of energy use in residences. The data base includes data from TVA's Home Insulation Program and BPA's Midway Energy Conservation Study. [9] [10] [11] Low-Income Weatherization Assistance Program. Nearly 750,000 lowincome homes have been weatherized under the initial direction of the Community Services Administration (CSA) and most recently under the auspices of the Department of Energy (DOE). Thousands of local community action agencies have been involved in this effort.
While the program has been extensively implemented, its decentralization has complicated evaluation efforts. The reliability of the data from the Weatherization Program evaluations varies considerably. [12, 13] The studies typically lack a control group, have mixed heating fuel sources within a sample, variations in the quality of workmanship, and inconsistencies in either energy or cost data. Despite these problems, the Low-Income Weatherization Program represents a significant fraction of U.S. investment in residential conservation and focuses on a housing January 28, 1983 sector where potential increases in energy efficiency are great.
CSA/NBS Weatherization Demonstration Research Project. The Community Services Administration, with technical support provided by the National Bureau of Standards, conducted a national research and demonstration project to determine the energy savings that could be expected from optimally weatherizing low-income homes. [14] The demonstration project entailed extensive retrofitting of homes with close monitoring of cost and energy consumption data. Although the sample houses were fairly typical of low-income housing in terms of size, their preretrofit physical condition and maintenance level were better than normally found in low-income residences. Energy savings and retrofit costs were carefully compiled on 142 houses in 12 different locations.
Representativeness of Sample
This compilation is not a representative survey of either the u.s.
residential housing stock or the actual portion of the stock that has been retrofitted in the last several years. Our data are taken from evaluation case studies of conservation programs and retrofit projects, reflective of a stratified survey. It is useful to compare characteristic features of our data base with results obtained from the Energy Information Administration's Residential Energy Consumption Survey (RECS), the most comprehensive representative survey on the scope of retrofitting in the residential sector.
We observe that our survey has a disproportionately high number of low income samples (26/69), comprising 38 percent of the data points (excluding controls) compared to RECS data which find that "poor" households are responsible for 11 percent of retrofit activity.
We also note that our study differs markedly from RECS data in terms of housing unit characteristics and location. RECS estimates that 10.6 of 77.5 million households reside in buildings with five or more units, yet we have results from only 3 multi-family retrofit projects. We also have little data from the Northeast region, 7 sources or 10% (excluding New Jersey), a region which has 22% of the households. [!] In future versions, we will analyze in more detail how closely the BECA-B data base resembles the U.S. stock of retrofitted residences.
III. METHODOLOGY A. Adjustoent of Energy Data
The basic information needed to analyze residential energy consumption for space heating includes: space heating or total fuel usage per day (or month, year) before and after retrofit; energy use for purposes other than space heating (the "baseload" usage) for the same time periods; the number of heating degree-days during each time period; and the "normal" (30-year mean) value of monthly and annual heating degree..;. days (HOD's).
The two major data adjustments of interest are subtraction of the baseload usage and correction of consumption data for the effects of weather in different years. We do not account for any possible changes in the amount of "free" heat (e.g. solar gains, appliance usage) nor separate out the· effects of occupant behavior or management. However, where there is a known change in occupants, the home is eliminated from the data set.
Under ideal research conditions, the fuel consumption for space heating is submetered.
In our sample,though, most data sources meter only total energy use. In some cases, the contributors estimate and subtract baseload· usage, using either a linear regression analysis or the fuel usage during the summer months as the baseload. In cases where no baseload correction is made by the data source, we subtract approximate baseloads using specific regional information obtained from either the All-Electric Homes Study or the Gas Househeating Survey. [l5,16] Weather-related adjustments to the space heating data are also made. In many cases the metered fuel use data are scaled by the number of HOD's (base 18.3°C=65°F) during the measurement period and then consumption is normalized to a "standard" year using the 30-year mean value of HOD's for that site. For data sets with more extensive consumption and weather data, a reference (or balance point) temperature is determined. Energy consumption for a "standard" year is calculated using the number of HOD's to the base temperature equal to the reference temperature.
Princeton University researchers utilize another weather-correction method.
In their projects, the total consumption of space heating fuel (includes all uses for the fuel) is regressed against the corresponding degree days based on a variety of reference temperatures. The reference temperature selected is the one that gives the regression with the best least-squares fit. Also determined in this procedure are two parameters that characterize the heating and baseload components. These parameters, together with the normal-year degree days to the best-fit reference temperature, are used to calculate a weather-normalized annual consumption (NAC). [l7] We assign each of our samples a confidence-level ranking (A, B, C, D, F) shown in Column Q, Appendix A. The only data we include are those with a confidence level of "C" or better. A critical assessment is made of such factors as the method used to separate the space heating component from total energy use, the weather-correction method, and the accuracy of retrofit cost data. No retrofit data are included unless they are linked to actual measured energy consumption.
B. Economic Analysis
The basic investment framework for conservation measures involves an initial outlay of capital resulting in future reductions in energy use and dollar savings. Two indicators are used to evaluate the conservation investment, cost of conserved energy (CCE) and simple payback time Es is annual energy savings, Ps is the local energy price the winter after retrofit.
(1)
The cost of conserved energy is found by dividing the annualized cost of the retrofit by the annual energy savings due to the investment. A conservation measure is economically attractive if its cost of conserved energy (CCE) is less than the price of purchased energy (P).
[l8]
For the homeowner, P can be defined as the average price of energy but for a utility it is the marginal (avoided) cost of supplying energy from new sources (in the simplest cases). CCE can be expressed as:
where c 1 is contractor cost of original investment, M is the present value of maintenance costs over the measure's physical lifetime, CRR is the capital recovery rate, Es is the annttal energy savings. (2) We convert the one-time investment to an annual cost by computing a capital recovery rate (CRR). The formula for the capital recovery rate
1-(l+d)-n where d is the discount rate, and n is the physical lifetime of the measure. The cost of conserved energy requires the incorporation of methods used in life-cycle costing.* We estimate a useful lifetime for typical conservation retrofit measures in our sample homes and find a weighted average of 15-20 years. To account for maintenance and replacement costs, we round this average lifetime down to 15 years and eliminate the explicit maintenance cost factor in Equation 2, except in cases of retrofitting of large apartment complexes.
In the equation for CRR, the discount rate is expressed in real (constant) rather than nominal (inflated) dollars. We use real discount rates to avoid assumptions about future inflation. For purposes of sensitivity analysis, we calculate CCE using three different real discount rates (3,7, and 10%) in the capital recovery rate formula (Col. M1, H2, and M3 in Appendix A) but the figures reflect only the middle value (CRR=.llO, based on a 7% discount rate for 15 year amortization period).
The lowest real discount rate, 3% per year, typically applies to secured, long-term loans, such as new home mortgages (which averaged 2.29% (real) in the u.s. for the period [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] .
[19] The highest real discount rate (10% per annum) is used for riskier and generally short-term loans made in the private sector (i.e. second trust deeds, appliances, or used car loans). Many U.S. government programs use this rate in their cost-benefit analysis. The Energy Security Act of 1980 specifies that u.s. government conservation and solar applications' investments be evaluated using a 7% real discount rate. [20] The CCE values are expressed in 1981 constant dollars.
We convert all original retrofit costs into 1981 dollars, using the Gross National Product Implicit Price Deflators, in order to provide a comparable basis for evaluating the relative cost-effectiveness of retrofit projects undertaken in different years.
C. Adjustment of Cost Data
We are interested in the direct costs to the homeowner of contractor-installed retrofit measures. If the retrofit is accomplished as part of a research study, we use the researchers' best estimate of the equivalent contractor's cost (materials, labor, overhead, and profit). If the conservation measures are installed as part of a utility loan program, we interpret the retrofit cost as being equal to the loan amount.** Most utility administrative overhead costs are excluded since they are not direct costs to the homeowner, but are paid by all *We have not considered the impact of tax credits or calculated a salvage cost.
**An exception to this practice is made for cost data from utility programs which indicate that the loan amounts are "bumping up" against program maximums. In these cases, we attempt to determine the additional investment outlay provided by the homeowner for the retrofits.
-10- February 1, 1983 ratepayers. For government-sponsored weatherization programs we follow the procedure of a DOE-commissioned study which estimated that materials, labor, and contractor overhead costs contributed roughly equally to overall costs.
[13] On this basis, if only materials costs are available, then total costs are taken to be three times the price of materials. An estimate of the market cost of performing the weatherization work is obtained by using this multiplicative factor. The errors from this cost adjustment procedure would likely tend to overstate the cost of conservation measures. For example, in cases where a homeowner contributes all the labor for a retrofit, total costs would actually be lower than our estimate, as would the estimated cost of conserved energy.
D. Units for Electricity: Use of Resource Energy
Some of our sanple homes are heated by fuel, others by electricity. We want to evaluate energy savings on a comparable economic basis regardless of fuel type. One approach is to evaluate electricity in terms of the ·heat energy produced "at the building site," by an electric-resistance appliance i.e., 3.6 MJ/kWh [3413 Btu per kWh]. The advantage of using "site electricity" units for comparing fuel-heated and electrically-heated buildings is that this indicates the buildings' physical performance (heat load to be met). A disadvantage is that measuring electricity in terms of site energy fails to account for the substantial fuel use required off-site to generate electricity.
Resource electricity units account for the total fuel required by a utility system to generate and deliver a high grade energy source, electricity. The resource conversion factor is 12 MJ per kWh [11,500 Btu per kWh], which reflects typical power plant efficiency (33%) and transmission losses (about 10%). We choose to use resource electricity units because the costs per joule for fuel and electricity end up roughly equivalent (See Appendix B for details).
We do not, however, use resource energy units in calculating the fuel integrity of electrically-heated hom~s (see Appendix A, Column P). In this case, we are evaluating the pre-and post-retrofit performances of the building shell and heating system rather than the relative primary energy savings of various retrofits.
The conventional practice used by building scientists is to express fuel requirements in terms of site energy. For fuel-heated homes, we tabulate the fuel use per m 2 per heating degree-day. For electric heat it is then necessary to adjust for differences in the seasonal furnace efficiencies of gas-and-oil heated homes vs. electrically-heated homes. We calculate how much fuel an all-electric house would use if it had been heated by a gas or oil furnace whose typical seasonal efficiency was 0.67. Thus the equivalent fuel usage is then 3.6 MJ ~ 0.67, or 5.4 MJ/kWh [5120 Btu/kwh], the conversion constant used for electrically-heated ho~es in Appendix A, Column P.
-11-E. Control Group Savings Control groups are used in many of the retrofit projects. Interpretation of energy use data for a control group depends on the objective of the study. Subtraction of control group savings is appropriate if the objective is to measure program-specific effects; for example, the energy savings attributable to a utility conservation program beyond what would otherwise have occurred. Our focus is on measured data that show the technical performance and cost-effectiveness of conservation retrofits.
We have only a secondary interest in the extent to which a specific program or regulation-~as opposed to "market responses" to rising energy costs--actualy triggered the decision to retrofit a building. Thus we list control group energy savings in the Summary Data Table, but most of our figures reflect gross rather than net energy savings for each data point.
-12-·:·
IV. TYPES OF RETROFIT MEASURES
Most residential conservation measures at present are aimed at improving energy efficiency in two end-use areas: space heating and cooling, and domestic water heating.
Space Heating and Cooling
Most retrofit measures designed to reduce heating and cooling energy use consist of tightening the buildings' thermal envelope. We have very little data on the effect of residential retrofits on energy consumed by cooling systems. Thus, our economic calculations are conservative since they credit only energy savings from heating systems.
In many instances, the retrofits also result in cooling savings.
The most popular retrofit measure in the data base is the addition of ceiling insulation. This measure effects dramatic savings in dwellings that have ·uninsulated attics. Substantial savings are also realized in cold climates if the "before" level of ceiling insulation is RSI-1.3-1.9 [R-7 or R-11].
In cold climates, the installation of storm windows and/or storm doors is another common conservation measure, a measure undertaken by one-third of the data sources. The installation of a clock thermostat or modifications to an existing heating system (i.e. installation of flue dampers) were made by 10% of the data sources.
In larger multifamily buildings, replacement or adjustment of the HVAC system and automatic energy control systems were the most common retrofits~ We have data on only one architectural improvement, a passive solar wall retrofit, but hope to identify more retrofits of this type in the future.
Caulking and weatherstripping are very cocmon retrofit measures to cut down on infiltration in a house. This measure has been implemented by almost one-half of our data sources, particlarly in low-income housing.
A relatively new technique for the discovery of less obvious heat loss paths has been developed by researchers at Princeton and LBL. This technique involves pressurizing a home using a blower door. Heat leakage paths and thermal "bypasses" are identified with the aid of smoke sticks and an infrared camera. Major leakage sites are then sealed.
Domestic Hot Water
The average U.S. home uses about 32 GJ [30 MBtu or 300 therms] per year to heat water for domestic use. Potentially large savings are possible in this area. At present, wrapping an insulating blanket around a water heater tank is the the most popular retrofit measure. Several utilities in the northwestern part of the United States have been wrapping their customers' water heaters for several years at n~ charge. They estimate annual energy savings of approximately 500 kWh (worth $30 at 6¢/kWh) are realized at a cost of $15 to $20, an excellent return on investment. Other common retrofit measures include wrapping the hot water distribution pipes near the heater, lowering the thermostat -13-setting of the water heater, and installing low-flow shower heads and water heater flue dampers. Although we have not attempted to assess savings from active or passive solar hot water systems, they are another increasingly popular residential retrofit.
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Energy Savings
Annual resource energy savings as a function of the contractor cost of the retrofit are shown in Figure 1 . We observe the expected trend of increased savings for larger investment, but the data are widely scattered. For retrofit costs equal to or less than $2000, annual energy savings varies up to a factor of seven. In our sample, there is a wide range in the cost-effectiveness of retrofit measures. The median value of energy savings is 29.5 GJ [28 MBtu]; the median cost is $1082.
In Fig. 1 , the sloping reference lines represent prices of purchased energy.
A conservation retrofit is cost-effective if the data point lies above the price line for that fuel. Nine of the 11 electrically heated homes lie on or above the 5¢/kWh reference line and 27 of the 37 gas-heated homes have energy savings above the $4.74/GJ [50¢/therm] reference line.
The reference price lines are close to the 1981 U.S. average residential prices -gas at $4.27/GJ [45¢/therm] and electricity at 6.2¢/kWh.* [21] In Figure 2 , the percent savings of space heating energy is plotted against the contractor cost of the retrofit. The spread in results narrows slightly compared to Fig. 1 but there is still considerable scatter. We fit the data using a two-parameter function of the form -bx y = a(1-e ). (4) While the fit has a poor correlation coefficient (r 2 =.32), we present the curved line to guide the reader's eye to the asymptotic relationship between contractor cost and percent savings. The data reflect a crude law of diminishing marginal returns with increasing investment. The data suggest that investments up to $1000 in conservation retrofits, on the average, reduce a house's space heating energy consumption up to 20-25%; investments up to $2000 reduce annual consumption up to 35-40%. In Figure 3 , a histogram of the retrofit results expressed in percent savings of space heating energy is presented. The median value is found to be 24% of the pre-retrofit consumption.
Range of Savings
An objective of the BECA project is to indicate factors associated with high or low levels of savings and cost effectiveness. Those retrofits that have the highest and lowest ratio of energy saved per dollar invested are discussed briefly.
* Note, however, that there are regional variations in the price of gas and electricity, so that cost-effectiveness of individual retrofit projects may be different from that indicated here.
In Fig. 1 , the data point labeled OA2.1 represents the Page Homes project, a 1950's style multi-family public housing complex in New Jersey that is retrofitted with a micro-computer-based boiler control system.
The system, designed by Bumblebee Energy Management System, consists of indoor temperature sensors located in one-third of the apartments. The sensors transmit periodic readings to a micro-processor. Using this information, the computer adjusts the hot water temperature for the boiler/heater system.
The average apartment temperature has been lowered from a pre-retrofit average of 28°C [82°F] to 24°C [75°F] during the day, and 23°C [73°F] at night. Other energy ·management measures were also taken, including improved operation and maintenance (saving approximately 10-15% of the total) and rebalancing of the hot water radiators.
Prior to the retrofit, annual energy consumption per .apartment was 3410 liters of fuel oil which in the post-retrofit period has been reduced to 1740 liters.
[22] The pre-retrofit energy consumption of this building complex is comparable to that of other buildings operated by the housing authority yet it would be considered an "energy guzzler" in comparison to the overall residential hou~ing stock. The pr2-retrofit fuel integrity for Page Homes is 482 KJ/m -2Dc [23.6 Btu/ft -DDF]' far higher than the U.S. average of 260 KJ/m -DDc [12.7 Btu/ft 2 -DDF] for single-family residences.
[23] EIA surveys show that heating energy use in oil-heated multi-family housing units is comparable to or larger than that in single family homes. [24] This successful retrofit suggests that substantial savings may be possible by installing improved heating control systems, even without changes to the building shell, in .some large multi-family apartment buildings.
Conservation programs that were sponsored by TVA and Puget Power (points El.l, El.2, and E6 respectively) also achieve high energy savings (50-84 GJ) relative to cost ($200-1300). Historically, low priority has been given to energy-efficient design in homes located in these regions, as the Pacific Northwest and the Southeast have relied on cheap hydroelectric power.
Most homes were uninsulated and "leaky," thus allowing for significant improvements in building thermal performance at relatively low cost. Savings from these programs are impressive, especially given the large sample sizes (8802 homes in the case of Puget Power). [9, 10] [25]
The DOE Low Income Weatherization Program in Uinnesota is an example of a project with relatively poor results, (plotted as data points MlO.l and Ml0.3). Annual energy savings of only 11.9 GJ (10%) and 7.3 GJ (7%) were achieved for retrofits estimated to cost $1000-1100.
[26] The poor benefit-cost ratio could be attributable either to poor workmanship (the project relied on "fr.ee" CETA labor), our possible overestimate of equivalent contractor costs, or diminishing returns on investment in homes with moderately low initial fuel integrity values.
Points Gl5 and t12 also represent low-income weatherization experiments, conducted in this case by the CSA/NBS Demonstration Program. The overall 12-city experiment achieved annual space heating energy savings of 31% in the aggregate and proved to be cost-effective. However, at several of the sites, there were problems with the quality of retrofit -16-·-work and data collection procedures. In St. Louis (G15), post-retrofit inspection of the homes revealed that several storm windows were missing.
When the bills for materials were examined by project technical staff, they discovered that it was physically impossible to install the amount of insulation claimed, given the buildings' measured dimensions. Although these data errors were corrected insofar as possible, the low savings in St.
Louis were likely the result of poor workmanship. In Atlanta (M2), mechanical retrofit options (which yielded the highest dollar savings overall in the CSA/NBS project) never were installed due to poor communication. [14] Those points show annual savings of only 15-18 GJ for investments of $1400-2000, and are not cost-effective. All low-income weatherization retrofit projects that report low energy savings with relatively high costs installed caulking and weatherstripping: measures whose energy savings are likely to be small and whose effectiveness is greatly impacted by the quality of workmanship. On the average (equal weighting for each site), the 14 active control groups decrease their annual energy usage by 14.4 GJ [13.6 MBtu] or 9.5 percent. Consumption also declines by approximately 8 percent in the 12 blind control groups and utility aggregates. In both cases, these changes probably indicate some combination of "independently" installed retrofit measures, more energy-efficient operation of the home or appliances, and possibly reduced levels of occupant comfort.
Simple Payback Periods Figure 5 shows the distribution of simple payback periods for the retrofit projects in our compilation. The median payback time is 7.9 years. A factor that partially accounts for the relatively high median value is the large number of research and demonstration projects. In these studies, new retrofit measures or procedures with unproven costeffectiveness are often tested. The lower median payback time of 5.7 years for conservation programs sponsored by utilities and private firms reflects investments primarily in established retrofit measures or procedures with relatively high returns on investment.
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The relationship between contractor cost for the retrofits and the cost of conserved energy is shown in Figure 6 . Reference prices of purchased electricity, gas, and oil are drawn as horizontal lines against which conservation retrofits for each fuel type can be compared. Including points that overflow the plotted axes, we find the following results: 72% (28 of 39) of the gas-heat projects have a cost of conserved energy below the reference gas price of $4.74/GJ [50c;/therm], 82% (9 of 11) of the all-electric homes save heating energy more cheaply than the reference electricity price of 5c;/kWh, and 80% (4 of 5) of the oil-heat retrofits lie below a fuel oil price of $8.60/GJ [$1.25/gal].
We observe that most retrofits costing less than $2500 had CCE's below $4.74/GJ [$5/MBtu], a result found in 46 of the 58 samples. Seven less successful retrofits with investments between $500 and $2000 have cost of conserved energy values ranging from $5.20 to $8.50/GJ. For the six data sources with retrofit costs between $2500 and $4400, only one has a CCE of le·ss than $4.74/GJ; the other five CCE's range from $4.74-6.60/GJ. The six least successful projects have CCE's from $10.40-15.20/GJ, and are not shown in ·this figure as they overflow the vertical scale. Fig. 6 also depicts the cost-effectiveness of "house doctoring" as is evidenced by the cluster of gas-heat data points (from Princeton's Modular Retrofit Experiment) with cost of conserved energy values between $1-2/GJ and retrofit costs of $350.
The distribution of cost of conserved energy values for the sat:1ple is shown in Fig. 7 . Overall, the median cost of conserved energy is $3.60/GJ [$3.80/MBtu], with· the median value for fuel-heated homes at $3.66/GJ and the CCE for electrically-heated homes at 3.1c;/kWh. In this survey, the reporting of results by data sources is too aggregated to permit ordering individual retrofit options by return on investment. In cases where results can be disaggregated based on submetering, the data suggest that the most cost-effective set of retrofits includes attic insulation and measures that are part of the Princeton/LBL "house doctor" program of instrumented energy analysis and retrofit. At this time, our data indicate a high correlation between low retrofit costs and cost-effective CCE values.
Actual Savings vs Predicted Savings
Millions of energy audits have been performed in U.S. residences for the purpose of estimating retrofit costs and savings to help guide homeowners' decisions on conservation investments. Comparison of actual vs. predicted savings is an important consideration in the evaluation of conservation programs --.an area in which little systematic work has been done. At present, we have limited data on this subject as shown in the following table.
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In four of the above cases, the standard engineering method of making a steady-state heat loss calculation is used to estimate the savings. For one case a modified degree day method (steady state heat losses plus a balance point temperature adjustment) is employed. LBL used its CIRA micro-computer program to predict energy savings in the three-cell Midway project. Predictions for a particular house or group of houses can vary considerably, depending on the method used. In one-half the cases listed in Table II , actual savings fall short of predictions whereas in the other half they exceed the predicted values. We see that the differences between actual and predicted values are not exceedingly large for our sample, all but one of which involves aggregates of houses. Typically, the correlation between actual and predicted usage is poor for an individual house.
We have also collected pre-retrofit predictions of savings on many new conservation programs. Further quantitative analysis is planned on this subject as new projects report their post-retrofit consumption and actual energy savings.
-19-January 28, 1983
VI. CONCLUSIONS
Results from this study indicate that conservation investments up to $1000 reduce a house's space heating consumption by 20-25 percent, on the average, while investments up to $2000 decrease usage by approximately 35-40 percent. The median value of space heating energy savings for 64 data points is 24 percent of the pre-retrofit usage. One important finding is that on-the-spot retrofits accompanying instrumented energy analysis were, despite the use of high-priced instrumentation, generally less expensive and invariably more cost-effective than other retrofit measures, irrespective of the presence or absence of insulation. These conclusions emerge from large-scale experiments designed by Princeton University (though the retrofits were carried out ·by others). Preliminary results reveal that attic insulation, sealing bypass and infiltration losses using pressurization and infrar~d diagnostic techniques, and wrapping hot water heaters with an insulating blanket are cost-effective retrofit measures.
Though the data compilation contains wide variation in the type of homes, the type of fuels, the locations and the type of retrofits, the overall results from aggregating thousands of individual cases show an attractive cost of conserved energy for residential retrofits. The median cost of conserved energy for our data points is an attractive In fact, 27 of the 39 gas-heat points are below the average residential gas price and 4 of the 5 oil-heat points fall below the price for heating oil.
Of the 11 electric heat data points, ten show a cost of conserved electricity of less than 6.2¢/kWh, the 1981 average u.s. price.
The absence of data on multi-family units and on the durability of energy savings from retrofits are worth noting. Thus, future additions to the BECA-B data base will emphasize multi-family retrofit projects and multi-year data on energy savings.
We are also interested in obtaining more data on the results of low cost/no cost programs and from "failed" retrofit programs.
Data on these subjects will allow us to describe factors that account for successful and "failed" programs and better explain variation in predicted vs. actual energy savings.
Finally, we express the hope that as a result of this paper, potential contributors will contact us to begin sharing data, so that we can greatly increase the scope and representativeness of this compilation. 1978-Individual Income Tax Returns (Publication 198 (4-80) , Table 8 , Page 42). . . .. The median payback time is 7.9 years. Results for utilitysponsored programs and private firms are shown in the shaded area. Utility and privately-sponsored conservation programs have a median payback time of 5.7 years.
-29- . The scatter plot shows the relationship between the cost of conserVed energy and the contractor cost for the measures. The cost of conserved energy equals the ratio, total investment over annual savings, multiplied by the capital recovery factor (.11, assuming a 7% real discount rate and 15-year amortization period). The horizontal lines represent prices of purchased energy against which conservation retrofits should be compared. Of the 58 sources, 46 invested less than $2500 per home, and obtained CCE's of less than $4.74/GJ. The gas data points clustered between $1-2/GJ represent the results of the Princeton housedoctoring experiments.
-30- Table   The following table represents the data collected and calculated for this study. The explanation of the table headings is as follows:
Column A: Label for each data source First letter signifies the fuel type used for heating.
"G" = natural gas ''M" = mixed fuel--heating fuel differed from house to house within a study sample "0" = fuel oil "E" = electricity If the letter "A" immediately follows the. fuel type symbol, then the home is an Apartment or multifamily dwelling. If no second letter follows the fuel type symbol, then the home is a single-family dwelling.
The nunber after initial letter(s) is simply a counting index to label each different retrofit data sample.
At a particular site if there is more than one sample group for which consumption data was accumulated by the evaluators, then we use a decimal point after the first number (counting index) followed by 1, 2, 3, ••• to denote the additional groups.
The letter "A" or "B" at the end of the entry signifies an "active" or a "blind" control group.
Example: "G7.3A" signifies a gas-heated single-family home which is at the 7th site and which is the third group at that site. Also it's an active control group. Column B: Sponsor Category "R" means a research study.
"U" means a utility-sponsored program.
"G" means a government program.
"P" means a private firm specializing in building energy services. Column Ml: Cost of conserved energy (in 1981 dollars) per GJ or in cents/kWh using a Capital Recovery Rate (CRR) of 8.38%, corresponding to a 15-year amortization period at 3% real discount rate.
Column }12: CCE in '81$/GJ or in '81~/kWh using a CRR of 11.0% (7% real discount for 15 years)
Column ~!3: CCE in '81$/GJ or in '81~/kWh using a CRR of 13.2% (10% real discount for 15 Type "a" is the most common calculation for SPT in our data, The superscript "(a)" has been suppressed in the Table so that no superscript means a type "a" SPT.
Column 01: Heating Fuel Intensity in MJ/m 2 before retrofit (for electric heati~g, we convert to resourze energy using 12 HJ per kWh sold) [MJ/m x 0.088 = MBtu/1000 ft ]
Column 02: Heating Fuel Intensity in !1J/m 2 after retrofit (again for electric heating, we convert to resource energy using 12 MJ per kWh sold)
Column Pl: Fuel Integrity of the dwelling in KJ/m 2 -DDc before retrofit (for electric heating, we multiply by 1.5 to normalize for the different fuel efficiency of an electric heating system comp~red to a gas or oil s2stem
i.e., used a ratio of 5. (No "D" or "F"-level data are included in this study).
"I" = incomplete. Certain key data are missing but may be available in the future so that the analysis can be completed.
Column R: Comments Additional descriptive comments for that particular entry.
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